A number of approaches for evaluating recovery and its contribution to uncertainty budgets for analytical methods are considered in detail. The recovery, R, for a particular sample is considered as comprising three elements, R m , R s and R rep . These relate to the recovery for the method; the effect of sample matrix and/or analyte concentration on recovery; and how well the behaviour of spiked samples represents that of test samples. The uncertainty associated with R, u(R), will have contributions from u(R m ), u(R s ) and u(R rep ). The evaluation of these components depends on the method scope and the availability, or otherwise, of representative certified reference materials. Procedures for evaluating these parameters are considered and illustrated with worked examples. Techniques discussed include the use of certified reference materials and spiking studies, and the use of extraction profiling to predict recoveries. All the approaches discussed evaluate the recovery and its uncertainty for the analytical method as a whole. It is concluded that this is a useful approach as it reduces the amount of experimental work required. In addition, most of the required data are frequently available from method validation studies.
Introduction
In recent years, the subject of the evaluation of measurement uncertainty in analytical chemistry has generated a significant level of interest and discussion. [1] [2] [3] [4] [5] [6] It is generally acknowledged that the fitness for purpose of an analytical method cannot be assessed without some estimate of the measurement uncertainty to compare with the confidence required. Well characterised and controlled uncertainties are also fundamental to the implementation of traceability as a means of ensuring comparability of results; large uncertainties imply poor comparability. The Guide to the Expression of Uncertainty in Measurement (GUM) published by ISO 7 establishes general rules for evaluating and expressing uncertainty for a wide range of measurements. The guide was interpreted for analytical chemistry by Eurachem in 1995. 8 The approach described in the GUM requires the identification of all possible sources of uncertainty associated with the procedure; the estimation of their magnitude from either experimental or published data; and the combination of these individual uncertainties to give standard and expanded uncertainties for the procedure as a whole. Some applications of this approach to analytical chemistry have been published. 9, 10 However, the GUM principles are significantly different from the methods currently used in analytical chemistry for estimating uncertainty [11] [12] [13] which generally make use of 'whole method' performance parameters, such as precision and recovery, obtained during in-house method validation studies or during method development and collaborative study. [14] [15] [16] In earlier papers we have illustrated the use of precision and recovery data in uncertainty estimates for a range of analytical techniques. [17] [18] [19] Though this establishes the principle of applying validation data to uncertainty estimation, the approach relies on estimation of uncertainties associated with recovery, including those associated with matrix change or incomplete extraction. Though recovery itself is routinely estimated during method validation, there is no general approach to the estimation of the uncertainty associated with recovery. This paper accordingly describes and illustrates some approaches to the evaluation of recovery and its uncertainty.
Theoretical basis

General approach
In this paper, recovery R is defined as the ratio c obs /c ref of observed concentration c obs to a reference value c ref for the particular material tested. If known, R could be used to correct an observation to an appropriate reference scale. Were such a correction made, it is clear that any uncertainty in R will contribute to uncertainties in the declared result.
R is, however, not usually obtained or considered obtainable for test samples. It is instead estimated indirectly, for example by experiments on related reference materials with a certified concentration, by comparison with an alternative definitive method, or by observing the amount of an added spike recovered from a sample matrix. In practice, measures are usually taken to ensure that the recovery is likely to be reasonably close to unity, and the assumption then made that R = 1. The main uncertainties associated with recovery arise from this assumption. To quantify the uncertainty, it is necessary to consider the degree to which a particular sample matrix under test is represented by the reference material employed and, where relevant, the extent to which spiking provides a representation of native analyte behaviour.
To treat these uncertainties explicitly, it is useful to consider the recovery R for a particular sample as comprising three components:
(i) R M (so denoted because it is usually estimated as a mean of several determinations) is an estimate of the recovery obtained from, for example, the analysis of a CRM or a spiked sample. R m may be considered as a 'reference' recovery, or more generally a 'method recovery' since it would normally be expected to apply to all determinations using the method, at least in a particular laboratory. The uncertainty in R m is composed of the uncertainty in the nominal value (e.g., the uncertainty in the certified value of a reference material) and the † © Copyright LGC (Teddington) Ltd. 1999. uncertainty in the observed value (e.g., the standard deviation of the mean of replicate analyses).
(ii) R s is a correction factor to take account of differences in the recovery for a particular sample compared to the recovery observed for the material used to estimate R m .
(iii) R rep is a correction factor to take account of the fact that a spiked sample may behave differently to a real sample with incurred analyte.
These three elements are combined multiplicatively to give an estimate of the recovery for a particular sample, i.e, R = R m 3 R s 3 R rep . It therefore follows that the uncertainty in R, u(R), will have contributions from and u(R m ), u(R s ) and u(R rep ).
How each of these components and their uncertainties are evaluated will depend on the method scope and the availability of reference materials. In the simplest case the method scope covers a single matrix type and analyte concentration for which a representative CRM is available. However, the situation is often more complex than this. The method scope may cover a range of matrices and/or analyte concentrations and there may be no suitable CRM available. The approaches we suggest for estimating recovery and the associated uncertainty for a range of situations are summarised in Table 1 . The remainder of the paper first discusses the different strategies and presents the relevant calculations, then presents experimental illustrations of selected approaches.
Estimating R m and u(R m ) using a representative CRM If a representative reference material is available, R m is estimated by comparing the mean of replicate analyses of the CRM with the certified value:
where C obs is the mean of the results from the replicate analysis of the CRM and C CRM is the certified value for the CRM. The uncertainty associated with the estimate of, R m , u(R m ), is estimated by: Evaluate how representative the spike is of the native material. Possible approaches include: Monitoring the extraction of spiked and native analytes with time; Comparing spiked recovery with the recovery from a non representative CRM. a As the method scope covers only a single matrix type and analyte concentration the estimate of R m and its uncertainty can be based on the analysis of a sample which is truly representative of real samples. There is therefore no need to include a correction factor to take account of differences in recovery for a particular sample, compared to the sample used in the estimation of R m (i.e., R s is assumed to equal 1 with negligible uncertainty). b If R m is estimated from the analysis of a representative certified reference material it can be assumed that this will behave in a similar manner to incurred analyte in a real sample. A correction factor to take account of the fact that the recovery of the analyte from the material used to estimate R m may not be representative of the recovery from a real sample is therefore unnecessary (i.e., R rep is implicitly assumed to equal 1 with negligible uncertainty).
where s obs is the standard deviation of the results from the replicate analyses of the CRM, n is the number of replicates and u(C CRM ) is the standard uncertainty in the certified value for the CRM. The contribution of R m and its uncertainty to the combined uncertainty for the method depends on whether the recovery is significantly different from 1, and if so, whether or not a correction is made. This is discussed in detail later. If the reference material is only approximately representative of a typical sample, additional sources of uncertainty may need to be considered. These include effects of matrix or interferences in test samples which may differ from those in the CRM.
Estimating R m and u(R m ) from spiking studies
In the absence of a suitable reference material, recovery is frequently estimated through spiking studies, i.e., the addition of the analyte to a previously studied material. The spiked sample is prepared in such a way as to represent as closely as possible a natural sample with incurred analyte. A number of options are available. In the simplest case, a bulk sample of a suitable sample matrix known to be free from the analyte of interest is spiked with an appropriate concentration of the analyte. The bulk spiked sample is then analysed in replicate. R m is given by:
where C obs is the mean of the replicate analyses of the spiked sample and C spike is the nominal concentration of analyte in the spiked sample. The uncertainty is estimated by: 
where s obs is the standard deviation of the results from the replicate analyses of the spiked sample, n is the number of replicates and u(C spike ) is the standard uncertainty in the concentration of the spiked sample. If no blank sample matrix is available, a bulk spiked sample can be prepared from a matrix which contains the analyte. The spiked sample is then analysed in replicate. R m is given by:
where Ĉ native is the observed concentration of the analyte in the unspiked sample. Note that since we are concerned only with the difference between the spiked and unspiked observations, C native does not have to represent the 'true' value of the concentration of the analyte in the unspiked matrix; eqn. (5) represents the change in observation divided by the change in concentration. The uncertainty is estimated by: 
where s native is the standard deviation of the mean of the results of repeat analyses of the unspiked matrix.
If it is impractical to prepare a homogeneous bulk spiked sample for sub-sampling, then individual spiked samples can be prepared. If the spiked samples are prepared from approximately the same weight of a blank sample matrix, and the same weight of the spike is added to each sample, the recovery is given by: 
where s m obs is the standard deviation of the results obtained from the spiked samples, n is the number of spiked samples analysed and u(m spike ) is the uncertainty in the amount of spike added to each sample. If the spiked samples are prepared from a sample matrix which contains the analyte the situation is somewhat more complex. The recovery for each sample, R m(i) , is given by:
where C obs(i) is the concentration of the analyte observed for sample i, Ĉ native the observed response for the unspiked sample as before [eqn. (5)], and C spike(i) is the concentration of the spike added to sample i. The mean recovery, R m , is given by:
Therefore:
The uncertainty is calculated using the expression of the form: 7
Differentiating eqn. (11) gives: 
Under certain experimental conditions, eqn. (13) can be simplified. Firstly, if u(C spike(i) ) < < u(C obs(i) ) and u(C native ) the expression becomes: This is often the case, as spiking is generally achieved by adding an aliquot of a solution or a known weight of the analyte. The uncertainties associated with such operations are usually small compared to the uncertainties associated with the observation of the amount of the analyte in a sample [i.e., u(C obs(i) ) and u(Ĉ native )]). Furthermore, if the standard deviation of the C spike(i) values is small compared to the mean of the C spike(i) values, C spike can be used in the calculation. Eqn. (14) therefore simplifies further to: This is likely to be the case in recovery studies at a single level using similar quantities of the sample matrix in the preparation of each spiked sample. Finally, if the estimates of u(C obs(i) ) are all similar, the mean can be used. This leads to:
Again, this is likely to be the case when each sample is spiked at the same concentration so that all the C obs(i) values are of similar magnitude.
Estimating R m and u(R m ) by comparison with a standard method
An alternative approach to estimating R m is by comparison with the results obtained from a standard method of known uncertainty. A representative sample is analysed, in replicate, using both the method under evaluation and the standard method. R m is given by:
where C method is the mean of the results obtained using the method under consideration and C standard is the mean of the results obtained using the standard method. The uncertainty in the recovery, u(R m ), is therefore estimated by:
where s method is the standard deviation of the results obtained using the method, n is the number of replicates and u(C standard ) is the standard uncertainty associated with the standard method.
Alternative approaches to estimating R m and u(R m )
In the absence of appropriate CRMs or standard methods, and if preparing spiked samples is impractical, alternative methods of investigating the recovery are required. However, such techniques generally require an element of judgement on the part of the analyst and can often only be used as an initial indication of the uncertainty associated with method recovery. If the results of such a study indicate that the uncertainties associated with recovery are a significant contribution to the uncertainty budget, further investigation will be required to obtain a better estimate. The main techniques available include repeated extraction experiments, monitoring the progress of extraction with time, and analysis of 'worst case' materials. These approaches are discussed in turn below.
Repeated extraction. Samples are re-extracted either under the same experimental conditions, or preferably with a more vigorous extraction system (e.g., a more polar extraction solvent). The amount of analyte extracted under the normal application of the method is compared with the total amount extracted (amount extracted initially plus the amount extracted by subsequent re-extractions). R m is the ratio of these estimates. If re-extraction was achieved using the same conditions as the initial extraction, the difference between the true recovery and the assumed value of 1 is known to be at least 1 2R m . The difference could be greater, as repeated extractions under the same experimental conditions may not quantitatively recover all of the analyte from the sample. In such cases we estimate the uncertainty, u(R m ), associated with the assumed value of R m = 1 (i.e., perfect recovery) as (1 2R m ).
If repeat extractions were carried out using a more vigorous extraction system, there is greater confidence associated with the observed difference between R m and the assumed value of 1. This is because it is more likely that the repeat extractions will have quantitatively extracted the remainder of the analyte from the sample, thus giving greater confidence in the estimate of R m . In such cases we estimate u(R m ) as, (1 2R m )/k where k is the coverage factor which will be used to calculate the expanded uncertainty.
Monitoring extraction with time. For some methods, it may be possible to build up an extraction profile for the method and use it to predict how close the extraction is to completion. A procedure for doing this in supercritical fluid extraction (SFE) has been described by Bartle et al. 20 The prediction relies on the extraction profile following an approximately exponential form after an initial rapid extraction. If the extraction is carried out for at least as long as the initial non-exponential period to obtain a mass of extracted analyte, m 1 , followed by extraction over two subsequent equal time periods to obtain masses of analyte m 2 and m 3 , then m 0 , the total mass of the analyte in the sample, is given by:
To estimate R m the mass extracted during the normal application of the method is compared with the predicted total mass m 0 . The uncertainty associated with R m will have contributions from the uncertainty associated with the observed mass (standard deviation of the mean of n observations) and the uncertainty associated with the prediction of m 0 .
Analysis of a worst case CRM. If a CRM is available which has a matrix known to provide an extreme example (i.e., more difficult to extract the analyte from than test samples), the recovery observed for the CRM can provide a worst case estimate on which to base the recovery for real samples. The recovery observed from replicate analyses of the CRM is denoted R CRM . Since the CRM matrix is known to be more difficult to extract the analyte from, it is reasonable to assume that recoveries for test samples are more likely to be closer to 1 than to R CRM . It is therefore appropriate to consider R CRM as representing the lower limit of a triangular distribution. 7 As a first estimate, R m is assumed to equal 1, with an uncertainty, u(R m ), of:
Note that if there is no evidence to suggest where in the range 1 2 R CRM the recovery for test samples is likely to lie, a rectangular distribution should be assumed. u(R m ) is then estimated by (1 2R m )/A3.
Evaluating the contribution of R m to u(R) when significance tests are used
Recovery is often tested for evidence of significant difference from 1.0 (100%). In such circumstances, the contribution of R m and its uncertainty to the overall uncertainty for the method will depend on whether it is found to be significantly different from 1, and if so, whether or not a correction is made. General rules for calculating uncertainty estimates for these different circumstances have been discussed in detail elsewhere. 21 , is significantly different from 1 but a correction to the final result is not applied. The standard uncertainty is increased to ensure that the range quoted will include the true value using eqn. (22):
where k is the coverage factor that will be used in the calculation of the expanded uncertainty. A fourth special case applies to empirical methods. An empirical method is a standardised method agreed upon for the purposes of comparative measurement within a particular field of application; the measurand is accordingly defined by the method. In such cases the recovery is arbitrarily defined as unity and the uncertainty associated with it as zero. Note, however, that a particular laboratory implementation of the method will generally need verification, and where a reference material is used to check the local performance, the above considerations will apply.
Estimating R s and u(R s ) from spiking studies
Where the method scope covers a range of sample matrices and/ or analyte concentrations, an additional uncertainty term is required to take account of differences in the recovery of a particular sample type, compared to the material used to estimate R m . This can be evaluated by analysing a representative range of spiked samples, covering typical matrices and analyte concentrations, in replicate. The mean recovery for each sample type is calculated. R s is normally implicitly assumed to be equal to 1. However, there will be an uncertainty associated with this assumption, which appears in the spread of mean recoveries observed for the different spiked samples (strictly, from the between-matrix component of variance, but in practice, the dispersion of mean values usually provides a reasonable estimate). The uncertainty, u(R s ), is therefore the standard deviation of the mean recoveries for each sample type. Where R s differs significantly from 1.0, an additional allowance should be made as in eqn. (22) .
Estimating R rep and u(R rep )
R rep is generally assumed to equal one, indicating that the recovery from a spiked sample perfectly represents the recovery observed for incurred analyte. The uncertainty u(R rep ) is a measure of the uncertainty associated with that assumption, i.e., how different R rep might be from the assumed value of 1. The complexity of evaluating how well a spike represents the behaviour of native material varies from matrix to matrix and with the method being studied. In some cases it can be argued that a spike is a good representation of a real sample, for example in liquid samples where the analyte is simply dissolved in the matrix. In addition, if the method involves total dissolution or destruction of the matrix, for example by ashing, there may be no reason to believe that a spike would behave any differently from the incurred analyte. However, problems arise for more complex matrices and where the method involves extraction rather than total destruction or dissolution. Possible approaches to investigating the performance of spiked versus real samples include monitoring the extraction of spiked and native analytes with time, and comparison of spiked recovery with the recovery from a less representative CRM. However, these may not be appropriate in all cases. If the analyst cannot obtain any experimental evidence on the appropriateness of spiking, then judgements and/or assumptions have to be made. Ideally, R rep should be evaluated by the analysis of a reference material (even if it is not directly comparable to the test samples) and by comparing the recovery obtained with those observed from the spiking studies. The uncertainty u(R rep ) is then estimated as: 
where k is the coverage factor which will be used to calculate the expanded uncertainty and u(R rep )A is the uncertainty associated with the estimate of R rep . The most straightforward approach is to spike the CRM and compare the recovery observed with that observed from the analysis of the unspiked reference material. In such cases R rep is given by:
where C obs(spike) is the mean concentration observed from replicate analyses of the spiked CRM, C obs(CRM) is the mean concentration observed from replicate analyses of the unspiked CRM, C spike is the concentration of the spike added and C CRM is the certified concentration of the reference material. The uncertainty, u(R rep )A, is obtained by differentiating eqn. (24) and applying eqn. (12): (25) † Note that the standard uncertainty is actually given by u(R m ). The multiplication by t crit /1.96 effectively increases the estimate slightly to allow for small numbers of degrees of freedom, which would otherwise need to be considered in forming the combined expanded uncertainty. 7 In this case, we are only interested in the dispersion of results obtained for the mean values C obs(spike) and C obs(CRM) . The corresponding uncertainties are therefore estimated by the standard deviation of the mean of the observed concentrations in each case. Note that the above equation holds if the spiking study was based on the replicate analysis of a single spiked sample of the CRM. If the study was based on the analysis of a number of individual portions of the CRM (of similar weight), all spiked at a similar concentration, eqns. (24) and (25) are modified slightly: 
where ū(C obs(spike) ) is the average of the uncertainties associated with each of the C obs(spike) values divided by the square root of the number of determinations of C obs(spike) , C spike is the average of the concentrations of the spike added to each sample and u(C spike ) is the average of the uncertainties associated with each of the C spike values. This approach is illustrated in the Experimental section. If there is no CRM available then the analyst will have to make a judgement based on the information available.
Calculating R and u(R)
The recovery for a particular sample, R, is given by R = R m 3 R s 3 R rep . However, since R s and R rep are generally assumed to equal 1, R = R m . The value of R m used depends on whether or not it is significantly different from 1, and if so, whether a correction to the result for a particular sample is applied. The uncertainty associated with R, u(R) is estimated by: Table 2 . 0.5 ml of the spike was added to approximately 10 g reference material before the addition of the deuterated surrogate recovery standards. The spiked samples were otherwise treated in exactly the same way as the unspiked samples. The method studied is used for the determination of PAHs in soils samples. 22 In normal use, air dried soil samples are soxhlet extracted with dichloromethane for six hours. Prior to extraction, 0.5 ml of a solution of deuterated PAHs (naphthalene-d 8 , acenaphthene-d 10 , phenanthrene-d 10 , chrysene-d 12 , perylened 12 ) with a nominal concentration of 80 mg l 21 , are added as surrogate recovery standards. The PAHs are quantified by capillary gas chromatography-mass spectrometry (GC-MS). An internal standard, 4-terphenyl-d 14 , is added to the sample and standard solutions prior to analysis by GC-MS. Calibration curves are obtained for each PAH from standards prepared from a stock solution with a nominal concentration of 2000 mg ml 21 .
Results and discussion
Investigation of spiked versus native recoveries
The aim of this study was to investigate how representative spiked recoveries are of extraction of the native analyte and to determine the uncertainty associated with estimating recovery through spiking.
Results. The values of R m calculated from replicate analysis of the RM using eqn. (1) are presented in Table 3 , together with the corresponding estimates of R m obtained from the analysis of the spiked samples calculated using eqn. (10) . In the latter case, C native was taken as the mean concentration observed during the analysis of the unspiked reference material. t-tests 23 were performed to compare the two estimates of recovery obtained for each analyte; the results are also included in Using the approach discussed previously, R rep and u(R rep ) were calculated for each of the analytes by applying eqns. (26) and (27) respectively. The relevant data, and the resulting estimates of R rep and u(R rep ) are presented in Table 4 . The estimates of u(C obs(spike) ) and u(C obs(CRM) ) were based on the observed relative standard deviations obtained from the replicate analysis of RM 6138 (see Table 3 ). The values for u(C spike ) were calculated using the data given in Table 2 , as described in the following section. Note that the values of u(R rep ) form a 21 PAHs , calculated using eqn. (10) with 9 determinations for all analytes. c p-value for 2-tailed t-test (Null hypothesis: equal recoveries; alternative hypothesis: unequal recoveries). Where an F-test showed significant variance difference, an unequal variance t-test was applied. The figure in parentheses is the number of freedom (equal variance test) or effective degrees of freedom (unequal variance test) for the test statistic. The study involved the analysis of 9 individual spiked samples which gave results C obs(spike(i)) each with a standard deviation s obs(spike(i)) . C obs(spike) is the mean of the C obs(spike(i)) values and ū(C obs(spike) ) is the mean of the s obs(spike(i)) values divided by A9. C obs(CRM) is the mean of the results of 11 analyses of the RM and u(C obs(CRM) is the standard deviation of the mean. major part of the estimated uncertainty, and are typically much larger than the reference uncertainties.
Calculation of R m and u(R m ) from spiking studies
This study illustrates the determination of R m and u(R m ) from the analysis of portions of a sample matrix containing the analyte, spiked at an appropriate concentration of the analyte. Approximately 10 g samples of soil reference material LGC RM 6138 were spiked with 0.5 ml of a 205 mg ml 21 solution of naphthalene in dichloromethane. Previous analyses of the reference material had a mean of 29.5 mg kg 21 with a standard deviation of the mean of 0.63 mg kg 21 (n = 11). These values correspond to C native and u(C native ) in eqns. (9) and (13) respectively. The uncertainty in the concentration of the spike added has contributions from the uncertainties associated with the concentration of the stock solution and the volumetric glassware used to prepare and add the spiking solution. The uncertainty in the concentration of the stock solution was quoted by the supplier (Supelco, Bellefonte, PA, USA) as 0.005 as a relative standard deviation. Based on previous experience in our laboratory, the combined uncertainties associated with the volumetric glassware were estimated as 0.007 (as a relative standard deviation). Combining these elements using root sum of squares gives an uncertainty in the concentration of the spike added of 0.0086 as a relative standard deviation. This value was therefore used to calculate u(C spike(i) ) in eqn. (13) . Note that there is also a contribution from the weight of sample taken, however previous work has shown that such uncertainties are generally insignificant. The additional uncertainty has therefore not been included. Based on the results of earlier studies of the method, precision was estimated as 0.07 as a relative standard deviation. This value was used to calculate the u(C obs(i) ) values in eqn. (13) . The relevant results are presented in Table 5 .
Using eqn. 
Estimation of R m and u(R m ) from extraction monitoring studies
The aim of this study was to determine whether it would be possible to predict the total concentration of the analytes in the sample using data obtained after the usual 6 h extraction period. An estimate of the method recovery could then be obtained by comparing the amount extracted after 6 h with the predicted total amount present in the sample.
Two portions of RM 6138 were prepared for analysis as described previously. The samples were extracted for a total of 14 h (two 7 h periods on consecutive days). After 1, 2, 4 and 6 soxhlet cycles, and hourly intervals thereafter, small aliquots of the extraction solvent were removed for analysis. After 7 h the extraction was halted and left overnight. The extraction was then restarted and aliquots removed at hourly intervals for a further 7 h. For comparison, a further two samples were extracted for 14 h, after which time an aliquot of the extraction solvent was removed and submitted for analysis by GC-MS.
Based on the concentrations observed after extracting the samples for 4, 5 and 6 h, eqn. (19) was used to calculate the total analyte concentration in the sample. The results are summarised in Table 6 . The results obtained after 14 h extraction are also included for comparison.
The results indicate that in some cases the predicted total concentration in the sample, m 0 , is similar to the concentration observed after 14 h extraction (see m 0 /C TOTAL column in Table  6 ). This assumes that after 14 h all of the PAHs present have been extracted from the sample, thus providing a reasonable estimate of the total amount of the analytes present. However, the predictions are variable, as can be seen from the difference in the results obtained for samples 1 and 2. The differences were significantly greater than those observed for the duplicate 14 h extractions. Table 7 compares the concentration observed for each sample after 6 h extraction with the predicted total concentrations. In theory, this could be used to obtain an estimate of R m . However, the uncertainties associated with such an estimate are likely to be large. The expression for estimating the uncertainty in m 0 , u(m 0 ), was obtained by differentiating eqn. (19) 
Conclusions
This paper has considered various approaches for estimating analytical bias (measured as recovery) and its associated uncertainty. It is useful to consider the recovery, R, for a particular sample as being composed of three components; R m , R s and R rep respectively representing a reference recovery, specific sample correction and allowance for imperfect representativeness in spiking studies. R m and its uncertainty u(R m ) can be estimated by existing methods. The simplest and most effective involves the analysis of a relevant certified reference material. Other techniques studied (re-extraction, extraction modelling, analysis of 'worst case' CRMs) currently appear to lead to larger (sometimes impractically large) associated uncertainties, but can provide an initial estimate of R m .
Where a method covers many matrices and a restricted number of CRMs is available, R s and its uncertainty can be assessed from studies on various different matrices; it is particularly important to study a representative range. u(R s ) tends to be larger than u(R m ).
In the absence of relevant reference materials, analysis of spiked samples is common, but uncertainty calculations may be intricate. Treatment of the data can be substantially simplified by appropriate approximations. However, estimating the necessary additional term R rep and its uncertainty is one of the more problematic aspects of a recovery study and leads to very substantial uncertainties.
There are, therefore, methods available for characterisation of uncertainty arising from recovery, but only direct application of relevant certified reference materials or reference methods currently provides a completely general method of characterising recovery well (that is, with small uncertainty) for a particular sample type. Other general methods, particularly modelling approaches, currently lead to large uncertainties, but do appear capable of improvement. This has important implications for international efforts to improve comparability via traceability to national and international standards. Large uncertainties in nominally traceable measurements imply poor comparability, and there are large uncertainties associated with matrix change and analyte recovery. Given the practical impossibility of producing relevant reference materials for all matrices and analytes, it is important that these effects are characterised well to minimise uncertainties associated with the inevitable use of imperfectly matched reference materials. In other words, general implementation of traceability through reference materials will require improvements in methodology for characterising recovery and matrix effects if traceability is to be a generally useful means of ensuring comparability in analytical chemistry.
